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PATTERNS OF TEMPORAL VARIATION IN GOSHAWK 
REPRODUCTION AND PREY RESOURCES 

A8srrucr,-To investigate whether Northern Goshawk (Am'$fm gent&) rrproduebian b b d - l j j a  
we evaluated the reproductive output from 401 goshawk breeding opportudtic~ on Lht KaWb Plrrau, 
Arizona during 1999-2002. Concurrently, we estimated densities of 10 goshawk prey spcdca w, 
three mammals) using distance sampling. We then assessed the relationshtp beo~ecn goshawk produr- 
tiviry (number of fledglings produced) and prey density within and among years by relating & CUI&- 

bution of individual prey species and total prey density to goshawk prod- Wc dm estimated * 
proportion of total diet and biomass for each species that contributed UI ofdl prcy itcmr.Tod 
density was highly correlated with variation in goshawk productbi~ (# 0.a. Pa O.Ol2). Rcd -1 
(Tam'arciunU hudronicur) densiry explained more variadon h goahawk pmdu&V than pgy 
cia (C = 0.94, P = O.OSl), but density could nat be estimated for &cry prc&min*nL prey sprda fn 
goshawk diets. However, only red squirrels had a positive and wiscpnt rchhddp to gdxawk pnr 
ductivity in term of frequency (r - 097,'P = 0,014) and biompn (# O S ,  P = 0.035). No- 
Flicken (CoLOptm aunrfus) and cottontan rabbi& ( S y l v i ~  spp.), which contributed &e grtpfcrr 
quenq and biomass, respectively, to goshawk diets, shaved no relationship with p h m k  pmducfiviy. 
Even though goshawb on the Kaibab Plateau have a diverae diet and wiIl readily &witch ta alrcrnpsc 
prey species, goshawk productivity showed'signifxant interannual dation. Out mmh v t  &e 
magnitude ofgoshawkproductivigwas dctcrrninedbytotalprcydcnsityandanxmalvmhtioa~~ 
by diffcrenccs in rhe dmdtiu daidcrrl pn)r 

p;eY WO- Northam Accipiter gcntik, d& d i s m  +sdq - 
lUsm.-- investip d In rcproducdbn de Accipiter gcntib K meuentn IhniWa poa h 
ibiidad de alimtnto, Naluamos el rcndimiento reproductive de 401 OpWauJrLder mpohmh~ de 
esm haleon= en Kaibab Plateau, Mzonq enuc 1999 y 2004, Al rniSm0 tiempo, cfftnun# br declri- 
dada de 10 espccies de prem pan 10s halconca (si& am, tm mpmffcIw) utibwio d 
contco con distancias variables. Luego dctcrminamoa b reIad6n en- la p r o d u W  de br hslaoan 
(ntmem de volantoncs producidm) y la densidad de press dentru y cnm a b ,  relodoapado Ir 

ThmbiCn estimamoa la propord6n de In diem total para cads tspceic que collpiklyd ntfr del 8% dc 
to& 1as presaa cn la diem La densidad total de lar prcsaa se c0rrehion6 f u e r t c ~ t e  con l a w n  
en la productividad dc IOE halconea ($ = 0.9% P - 0.01%). h dtnai&l d. h mrdilh Tpnd.rrkmu 
hu&+ explic6 la mayor partc de la variaci6n en la produetividad dc h imkanm con a b 
o t m  espcdcs (P = 0.94, P = O.OSl), pcm h densidad de cada eJpccie de prua p- - teenla 
dicta dc l a  halconca no IC pudo cstimar. Sin embargo. dlo la ardilh hdmaku~pKlent6 una W b s l  
positin y signiiicaiiva con la productividad de 10s halconeu ~1 ttrminOr de - W-0.97,P- 
0.014) y biomatrr (9 = 0.95, P = 0.0%). Las a m  del g€nero Cobpla 7 h cum- que con- 
la mayor frccucncin y bimmrw de k dicta de los halconcr, re&pecthtme~~ta, ub m k b r m r o n  C O n  

. 
tribudln de a d a  especic de prwa y la densidad total de presaa con la producrividrd dcloshkumck 
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la productividad de 10s halcones. A pesar de que 10s halconcs en Kaibab Plateau t h e n  una dicta dmrm 
y pueden cambiar ficilmente a especies de presas altcrnativu. su productividad most& una variadh 
interanual significatin. Nucstros resultados sugieren que la magnitud de la productividad dc loa la& 
cones fue deterrninada por la densidad total de presas y que la variacibn anual fuc producida p r  b 
diferencias en la densidad de especies de pruaa &ticas. 

rzislducci6n del quip0 editarial] 
' 

To understand temporal variation in population 
size, it is necessary to focus on the factors thatlimit 
demographic processes, such as reproduction and, 
survival. Ultimately, the availability of essential to- 
sources within a habitat regulates population 
growth. Resource availability, specifically food, is  
hypothesized to be an important limiting factor of 
many raptor populations (Newton 1979). Varia- 
tions in food supply often result in extensive fluc- 
tuations in population demographic parameten 
(Gotelli 1998, Newton 1998), but the mechanisms 
of food-limitation arc difficult to quantify, c s p  
cially in complex systems. Consequently, most in- 
formation on the influence of food resources on 
population dynamics comes fiom correlations bc 
tween reproduction and food abunhce (Martin 

The magnitude of the ef€ects of food-limitation 
on reproduction is poorly understood, especially 
for predators with broad diets, such as Northern 
Goshawks (Acdpikr gentilis) . Goshawks regularly 
consume a Mliety of prey including ground and 
tree squirrels, rabbits, medium to large passcrim, 
woodpeckers, and gallinaceous birda (Squires and 
Reynolds 1997). The diversity of prey in their diktr 
ultimately depends on the abundance and am& 
ability of the local bird and mammal fauna, which 
variea geographically. In Canada, although go, 
hawks regulady consumed s & e d  prey speciea 
( Z 5 ) ,  goshawk reproduction showed a strong func- 
tional response to only one species-snowshoe 
hare (LeprJ umeticunw, Doyle and Smith 2001). In 
contrast, 14 speciu of birds and mammals regular- ' 
Iv contributq to goshawk diets in the southwestern 
United States (Reynolds et al. 1992). This@vedr]r 
may stabilizelbreeding r a t a  When prey popub 
tions vary asynchronously, the ability of goshawka 
to switch between alternativr prey species m y  r e  
n u i t  in less annual variation in reproduction than 
in arcm where goshawks rely primarily on cyclic 
populations d a single prcy species (Newton 
1979). 

Our objectives were to: (1) determine if prey re- 
sources limit thc reproductive rates of goshawks 
with relatively divcne diets and (4) describe how 

1987). 

changes in prey populatioru may influence gw 
hawk productiviv (number of fledglings pro- 
duced). If food is a limiting fictor of goshawk pro. 
ductivity, then variation in the num- of 
fledglings produced should be associated with A= 
tuitions in p r y  resources. W ~ ~ m r e r ,  if here is  a 
difference in the contribution of individual p q  
species, then goshawk productivity should rcJpond 
to fluctuations in the densities of individual p r q  
species. Finally, if the densities of important prey 
species vary in synchrony, then goshawk prod- 
ity should exhibit greater temporal variatba To 
explore these relationships we stud ied  goshawk 
productivity and prey nsourcts on the gar'bob PIS 
mu, Arizona during 19999W. 
SrwrYAmEA 

T h e  Raibab Plateau h a lprte (SS X 55 km) f- 
island, surrounded by rhrub-stcppc desert, in n- 
Arizonz Steep slopw and CIEPrpmcni form the ea- 
southern, and western cdgm d the Xaibab Plpteau & 
create a distinct boundary bemeen thc h b - a t c ~  s b  
ert at 1750 m elevation above IC* I d  and the p- 
(maximum elevation 2800 m). The northern d & e  
plateau gradually d-da to mg&ptnh POFapinl 
an indistinct boundary bcnrr~n rhc two 

Irr- 
duded forests above Q1W m clcvpt#n on the Nol.rh &ni- 
bab Ranger District d the Kaibab National F w r a  F a u  
forest types dominated the atudy MPJ Pin-(& 
nus edukj-Jun+enw u-) w c a l h d n  omaqmid 106 
krn* at lower elcvationu. panderom pine (&nu-) 

=-D- forests occupied 714 k d  at mitkkvntloa 
conifer (A& mncob  h w  -e 
Q P i a  enplmd? forcrtl occupied m k d n r  tbc elk- 
est cIevations, and quaking (- * )  
forests occupied 112 km* in- among thc arhcr 
F m  typn UO~ =I* 
Mmmma 

Goshawk Producdri~. We eaba lcd  aanud.@awk 
productiviy per territory in 1 w .  A em- *yu 

defined as the ama (appmxirsu8tty 11 dcfcndcd Iny 

T h e  study area (IN6 k d )  Dn the Gbab 

a pair of goshawks du&g the b m h  seama (Rqnol& 
et a l . W )  . Because goshah  may UK more than 
one nest within a territorv amom breeding wax z- * 

 old^ et d. -J L1 nesibuuenr& ;Yen && 
annually in spring to determine the &tory WPIBG)~ 
status. If an active nest (nest containing eop mr pmg) 
was not located within an &mg tunimy, we wnckted 
syatcmatic survc)a until M tound M d v e  nust w thm 
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oughly searched the entire territory, which required I 
minimum effort of 10 person-days (Reynolds et al. 2004). 
Each year, we also conducted surveys throughout the 
study area to locate territori detected in prcvious 
years (Reynolds and Toy 200 a result, the numbe 

high density of territories. a tendency OF hdividu& 
retain the same territory for life. and a delayed age u 
first breeding (Wiens and Reynolds 2%) swests h t  
the breeding habitat on the Kaibab Plateau msatumted 
This evidence combined with the observed pattern of 
territory occupancy for individual adulrs ayef a 1- 

occupied rhe territories, even whcn we found littic 6 
dence of birds present. By including all luritorim m&w 
than only those that were confirmed "actk" "OC~U.  
pied." we accounted for all potential breeding o p m  
nitics and the full range of variability in the rcprducrivc 
quality Of territork. 

program DISTANCE. Versiian 3.S (Thomas et rl. 19%). 
Reliable estimates of density from distanct m p l i  & 
pend on several critical assumptions all individwL 
the transect line were detected. all indMduPL de- 
tected at their initial locadon, and all distances wen - 
sured accurately (Buckland et al. 1993). Data colle& 
methods were designed to meet these aaaumptiom. &+ 
muse mriable distance s a m p w  usen a detection 
tion that compensates for difference in detection 
abilitiu among specie. habitaa, and a 
transects (Emlen 1971, Bucklnnd et d. l S e S ) , * & ~ ~  
timates based od distance data M not confoundwl 
factors afccting detectability and thm IVC represen- 
of the vue population size. Prey densities wcfc c s t i d  
separately for mixed conifcr and pori- pirr to 
count for diffcrenca in detection pmbablhim paraag 
forest types. Thew estimates WQZ then mult ip l i  by 
proportion of each forest typc Withim tht attacky ~p .nd 
added together to calculatt prey &Mi- foF the & 
study area. Annual density &matts wcre computed 
for species with suficient sample 8 i z k  Total prq d&q 
was calculated as the 8um of the individual prey &ndria 
for species with a suffiidcnt number d detectiolu. Wk 
stratified to& prey dcnuity sampling pcriod d&im 
each year to estimate pmy denritics asmchkd with 
hawk breeding phen-. 

Wc used the Tuke)LKRmcr n d . t  for m- 
comparisons OF meam to tert fur differences 
productivity among yeam (PROC Gtaa, SlLS fnrdrmce 
1999). &tatistics wcrc d to tc# for diKer~aea in 
mcan prey densities among yean and mnpling 
(Buckland et al. 199s). To antral fer 
only tested for diEfCmwm in drmiy be- qndfte 
pairwisc cornparisom (ea., yeam of high- rad 
density). To as== the reladonship between pha* p+ 
ductiviy and prey density, w wad litlGpr 
(PROC REG. SAS Institute 1999), where rrnnuplgwbwk 
productivity wan thc dependmt 
for individual prey species and mmmcd over p.y lpeda 
were used 811 explanatory vpriabter. Linepr 'bgrruion w a  
also used to asseta the relationsMp brtwcen gaaUwkm 
ductivity and prey sped- in the dkt. In drse 
siona, annual goshawk produU%ty w the dcpendtnt 
variable and percent of tod diet or bbanr*l\ eon- 
for individual prey specla vnrc aaaamd m a p m  
variables. We used M informariorrtheoretk app- 
(Burnham and Anderson 2WB) to Idmw the prry 
i abb  that explained the mnml nri*mian In p 
hawk productivity pcr ~crrim. A prrion. CPndidpLc m& 

territories under study Eencnllv increased each ve 

active nests were visited weekly throughout the breeding 
season. Goshawk offspring were counted in the nest 7- 
10 d prior to fledging or from the ground after fledging. 
Goshawk productivirywaa estimated annually as the mean 
number of fledRlinp produced per territ 

Prey Density. To obtain estimates of pTdensiry, we 
conducted distance sampling (Buckland et al. 1993) 
along l i e  transects from 1999-2002. Sixty 500-m tram 
sects were placed randomly throughout the study area 
within two strata defined by the forest types (mixed tm 
nifer, ponderosa pine) that occupied most of the study 
area. We cstablihed 50 Vansects per stratum and char 
acterized each transect by its elevation, tree species corn 
position. and bee density. Within a given year, we sam- 
pled each transect during three time perioda that 
corresponded with specific goshawk reproductive stagts: 
spring (28 May-24 June)-incubation/hatching stage. 
summer (25 June-22 July)-nestling stage. and late sum 
mer (23 July14 Auguat)-fledging stage. To reduce travel 
time betwe.cn transects and to increase sampling &den- 
cy, U'ansecm were grouped by location. Transects wcre 
sampled in groups of four per day, and the sampling rn 
der of groups was determined using a random number 
table. Daily sampling began Ob hr after sunrise and IIM 
completed within 3 hr. All transects were sampled by one 
observer (Salafsky) during the 4 yr of the study. Sampling 
was not conducted during inclement weather (dn. 
winch >20 kph) due to reduced probability of prey dt- 
tection. Prey seen or hcard during sampling were idem 
tEed to species, and the perpendicular distance from the 
detected animal to the transect line w measured with a 
laser rangcfindcr (accurate to Sl m). Data were co lkn  
ed on 15 prey species common in goshawk dicta on the 
Kaibab Plateau (S. Salafsky unpubL data) and c o n s i d d  
important components of goshawk dicta in the south. 
western United States (Reynolds ct al. 19%). 

Goshawk Diet. The spedcs composition of goshawkr 
diets v m  deterrnincd from prey remaina (pelage, plum 
age. skeletal parts) that were collected kom active go, 
hawk nest sites duringweekly visits throughout the b r e d  
ing season. Prey remains were pooled by territory and 
date collected. identified to species, and .paired to ass- 
the minimum number of individuals consumed ( R e p  
oldr and Meslow 1984). The biomass contribution of iP. 
dividual prey waa based on thc publihed mass of each 
avian (Dunning 1991) and mammal (Hoffmeister 1986) 
species. An methods for quantifying raptor diets have in- 
herent biases (Marti 1987). However, Kennedy (1991) re- 
ported that estimates of prey use were similar for pry 

pellet, and direct observation methoda of ditt 

Data Analysis. We based goshawk productivity on the 
number of fledglings produced per territory under study. 
We classified territories based on Sl attempt to breed on 
the territory, the identity of the adult birds, and the aw 
emge Inmturitory diitancc (Reynolda et al. f!OM). A 

determine nest status and fledgling production, dl riod (S. Salafsky unpubl. data) indicated U g o s h a a  

Variable distance sampling data wcrc analyLed 
& 

' 

* 

. 

I m, 

and - analysis for goshawks in New Mexico. 
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Mean number of Northern Gaskawk fledglings produced per territory (%E) on the Raibab Plateau, 

were developed to represent the potential effects Of p q  

goshawk productivity would be most strongly related to 
prey densities that contributed the mast to goshawk re- 
production. Competing models were ranked by their ad- 
equacy in explaining the variation in goshawk produchv- 
ity using Akaike Information Criterion (PROC MIXED. 
SAS Institute 1999). To compare the relative importance 
of each prey species, we also used cumulative Akiiic 
weights, which were calculated by summing the weights 
across all rnadela that included the variable of interwt 
(Burnham and Anderson 2002), 

RESULTS 

m q h i l w  latmalis), Hairy Woodpecker (A'coidcs vi& 

Flicker (coh@h uu7alw)9 red 'quirrc1 
(TUminrdUm hudSOnk'~U), Steller's Jay (Cyanon'tta 
s te lh') ,  and Williamson's Sapsucker ( S p h y u $ a  
Ihym*dacs). we were to es~mate densities 
for black-tailedjackrabbit (w c a r i f M 7 f i n u ) 9  

density On goshawk productivity. we hypothesized that losw), w b a b  squirrel (sciusus abfi Raibab&), 

Grouse (Dendra& o ~ s ~ w ) .  chiurn- 9 
spp.), cottontail rabbit (SyMhw spp.), and 

rock squirrel (bpermophilw varieguius) due to low 
numbers of detections. Detection probability plots 

h 

' Variation in Goshawk Productivity. The  number 
of goshawk territories used to estimate productivity 
was 97 in 1999, 98 in 2000, and 105 in 2001 and 
2002 (N= 401), The proportion of territories with 
active nests was 54% in 1999,58% in 2000,28% in 
2001, and 18% in 2002. Goshawk productivity ( j t  2 
SE) varied among years (&dw = 26.78, P < 0.001) 
and ranged from 0.14 rt: 0.04 fledglings produced 
per territory in 2002 to 1.23 2 0.14 fledglings pro- 
duced per territory in 2000 (Fig+ 1). There was a 
significant decline (F,,,w = 37.15, P < 0.OOX) in 
goshawk productivity between 2000 and 2001 (Fig. 
1). 
Variation in Prey Density. Ten prey species had 

sufficient detections to estimate density: American 
Robin (Turdus mipatmius), Clark's Nutcracker (Nu- 
czpaga columbiana), Downy Woodpecker (Picoides 
p u b e 5 m ) ,  golden-mantled ground squirrel ($per- 

showed little evidence of heaping, measurement 
errors, and evasive movement prior to detection. 
Total prey density (SE) varied annually and 
ranged from 2.22 2 0.00 individuals ha-' in 2001 
to 3.96 2 0.14 individuals ha'' in 2000 (z 10.59, 
P < 0,001). Density also varied significantly among 
years for most individual prey species (Table 1) in- 
cluding golden-mantled ground squirrel (z = 2.18, 
P = 0.015), Hairy Woodpecker (z = -2.88, P = 
0.002). Kaibab SqUiITEl (z = 2.47, P = 0.007), 
Northern Flicker (z = 5.70, P C O,OOl) ,  red squir- 
rel (z = 8.32, P 0.001), Stekr'sJay (z = 3.25, P 
< 0,001). and Williamson's Sapsucker (z = -2.78, 
P = 0,003). Significant declines in prey densities 
were also observed between 2000 and 2001 for 
goldenmantled ground squirrel (t = 2.18, P = 
0.015), Kaibab squirrel (z = 2.47, P = 0.007). 
Northern Flicker (z 2.62, P == 0.005), and red 
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Table 2. Prey species each contributing 2 3 %  of all items (N = 710) to Northern Goshawk diets in terms of percent 
frequency and biomw (kg), and their relationship to the number of fledglings produced per goshawk territory on 
the Kaibab Plateau, Arizona, during 1999-2002. 

PER- P m  
SPECIep' NO. FREQ Rt P BIOMASS R" P 

BIac!c-tailcd jackrabbit 2s S -032 O A 3  24 -036 0.40 
Clark's NutcrPdscr w I 0.0s 0.82 2 0.01 Om 
Cottontail mWt 125 18 -0.13 0.64 rs -0.a 0.84 
Xaibab squirrel 40 6 -0.05 0.78 IS 0.m 0.87 
Northern Flicker 14 20 0.87 OB7 8 0.67 0.07 
Red squiml 87 12 0.97 OSlX 7 0*9s O,@! 
Stellcr's Jay I 14 -0.09 0.70 4 a.w CIA1 

total of 710 individual prey items consisting of 30 
species were collected from nest areas during 
1999-2002. Seven species each contributed 23% 
of all prey items collected in terms of percent frc- 
quency (Table 2). In descending order of percent 
of total diet, the most common prey items were 
Northern Flickers, cottontail rabbits, red squirrels, 
Steller's Jays, Kaibab squirrels, Clark's Nutcrackers, 
and black-tailed jackrabbits. The descending order 
of species biomass contribution to goshawk diets 
was: cottontail rabbits, black-tailed jackrabbits, Kpi- 
bab squirrels, Northern Flickers, red'  squirrels, 
Steller's Jays, and Clark's Nutcracken (Table 8) .  
The mean number of prey items per fledgling w a ~  
1.8 in 1999, 23 in 2000, 5.1 in 2001, and 7.6 in ' 

2002. In contrast the mean biomaas of prey itern 
per fledgling was 0.8 kg in 1999, 0.6 kg in 8000, 
2.3 kg in 2001, and 2.8 kg i s  WOE 
Goshawk Productivity and Prey Resoutcek W 

found a strong positive relationship (9 = 0.98, P 
= 0.012) between total prey density and goshawk 
productivity from 1999-2002 @Ti. 5). Although am. 
nual goshawk productiviq HM highly correlated 
with prey density in the spring sampling pcriod (9 
= 0.70, P = 0.163), summer sampling period (9 
= 0.75, P = 0.131). and late-summer sampling p 
nod (9 = 0.79, P = O.lla), annual prey dmpiry 
accounted for more of the miation in goshawk 
productivity. Based on regression models for E+ 
prey speaes, only red squirrel density hnd a rigniE 

Ox) -! 1 6 

20 25 3.0 3.5 4,Q 
Prey Density hp"' 

figure Zk The relationship between total prey density ha-; and the mean number of No& Goshmk flee- 
produced pcr territory on the a b a b  Pkttau, Aritonn. 199S+!Oo2. 
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Table 3. Top 10 models for mean number of Northern Goshawk fledglings produced per territory on the b i b &  
Plateau, Arizona, 1999-2002. Models are ranked bared on Akaike's Information Criteria (AIC) and in+& model 
covariates, number of parametera (K), AIC differences ( M C )  and Akaikc weighm [wl). 

MODEL AIC K IWC WI 

Total prey species 
Red squirrel 
Mammal prey s p d  
Northern Flicker 
Total prey in latmummcr 
Hairy Woodpeckw 
Total prey in summer 
Raibab squirrel 
American Robin 
Total prey in spring 

113480 3 
1137.70 I 
1138.10 J 
1144.20 3 
14930 3 
1150.80 s 
115s.20 S 
1154.20 ' s  
1155.9 S 
1156.90 s 

icant and positive relationship to goshawk produe 
tivity (P = 0.94, P 5 0.031). Red squirrel was also 
the only species that had a significant and pdd*e 
relationship to goshawk productivity for percent of 
diet (? = 0.97, P = 0.014) and biomass (# = 0.95, 
P 3 0.024; Table 2). The densities of mammal prey 
species (# = 0.94, P 0.098) cxpfained more of 
the variation in goshawk productivity than avian 
prey sped- (9 < 0.01, P = 0.949). 
Our model selection results showed that toa l  

prey density was dearly the top model (Table 3). 
This model, which included an annuat summation 
of all prey species densitica, received 970% of the 
Akaike weight across the model set (Table 3) and 
was more than four times as likely as the next best 
model. The only single species models with some 
weight of evidence included those for red squirrel 
and Northern Flicker (Table 5). However, the red 
squirrel density covariate had a higher cumulative 
Akaikt weight (99%) than Northern Flicker 
(71%). All other models based on individual prey 
species, avian density, and models of total prey den- 
sity by sampling period had minimal support and 
failed to explain variation in goshawk productivity 
(Table 5). When we compared only the models 
with total p r y  density by sampling period in a sep- 
arate analysis, total prey density summed over all 
sampling periods was selected as the best model 

All other models, including the model with the dif- 
ference in prey density between late-summer 4 
the successive spring (AIC = 873.00, K 3, M I C  
= 61.90, wl 5 0.00) and the lowest ranked model 
with late-summer prey density from the prior year- 

(NC 811.10. K 3, AMC 5 0.00, W! = 0.93). 

0.00 0.70 
eso 0.1s 
sso 0.13 
8.40 0.01 

14.70 0.00. 
16.00 0.00 
17.M 0.m 
18.40 0.00 
8om 0.00 
B.10 0.00 

(AZC = 883.60, K = 3, dAfc = w, y = 0.00). , 
werc not &upported by the Qb. 

D- 
A short-term observational s t u d y  cannot provide 

a strong basis for estimating the causal relationship 
between prey resources and annual goshawk pro- 
ductivity. Thus, our study only cstabrished a s- 
association between variation in prey resources 
within the study area and goshawk productivity. Be 
cause fluctuations in othcr limiting facropr 
climate) may have coinadd with changes in prey 
resources, we cannot identify the kton u l t i m w  
responsible for variation in goshawk productiviry. 
However, if the patterns we observcd between prcy 
resources and goshawk productivity were support- 
ed by experimental studies that cstablishd a rela- 
tionship between food9upply and goshawk repre 
duction, then it would k reawnable to inkr that 
prey resources may be an important limiting Ibrtor 
of goshawk reproduction on the &%ab Plateau. 

During 1999-2002 wc observed high temporal 
correlations between goshawk prodktiviy and m- 
nual prey density; changes in goshawk productivity 
paralleled changes in prey density, Total prey bsn- 
sity, in addition to the proportion of active- 
hawk nests and mcnn numk of fledglings p 
duced, was high in 1999 and ZOO0 and low in SO01 
and 2002. Therefore, it app- that goshawk rc. 
production on the Kaibab Plateau ruponded KO 

inter-annual increases in prey density. se\aent oth- 
er studies have also found dose tics between mea- 
sures of goshawk reproduction and thc relative 
abundances of prey .(Hutah and Sdkam 1981, 
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Doyle and Smith 1994, Keane 1999). Further, gob 
hawk studies that experimentally manipulated 
food-supply found supplemental food may have in- 
fluenced goshawk productivity by increasing nest- 
ling survival when background preylevels were low 
(Ward and Kennedy 1996, Dewey and Kennedy 
2001). Thus, we suggest that the number of go* 
hawk fledglings produced may be influenced by 
fluctuations in prey density. 

On an annual basis, the reproductive responses 
of goshawks depend on the abundance of prey dur- 
ing critical time periods. Low food resources may 
manifest through failure to lay eggs, smaller clutch- 
es, and reduced survival of young (Newton 1995). 
The abundance of prey may be an important de- 

' terminant of the "decision" to breed. Goshawks 
initiate breeding before most prey species repro- 
duce, so the density of prey during the incubation 
period is likely similar to prey levels prior to egg- 
laying. On the IOibab Plateau, prey densities d w  
ing the incubation stagc were similar in 1999 and 
2002, yet goshawk productivity was six times higher 
in 1999. In addition, although there was a signih 
cant increase in prey density during the incubation 
period between 2001 and 2002, goshawk produc- 
tivity changed little between these years, suggesting 
that below a density of ca. 0.8 prey ha-', fewer 
fledglings are produced. However, prey density lcw 
els prior to egg-laying may alter the threshold ef- 
fects of p r q  density on goshawk productivity 
through physiological constraints. Assuming our 
density estimates represented true population Jizc, 
the difference in prey density between late-summer 
and the next spring should reflect prey density lm- 
CIS prior to egg-laying. The large decline we o b  
served in prey density between August 2000 and 
May 2001 indicated that there was substantial WCP 

winter mortality for prey species. The lower prcy 
numbers prior to egg-laying may have affected the 
ability of females to accumulate suffiaent reserv- 
to produce eggs in 2001. 

Our results suggest there is a difference in the 
contribution of individual prey species to goshawk 
reproduction. Red squirrel density and their pep 
cent frequency and biomass contribution to goa 
hawk diet accounted for more variation in goshawk 
productivity than any other species. Although rib 
bits contributed the majority of biomass to go* 
hawk die& (>66%), goshawk reproduction was 
lower in most years when rabbits contributed the 
greatest proportion of biomass to the dicta Fur 
her, in "poor" goshawk reproduccive years (2001, 

2002) , the number of prey items and total biomass 
per fledgling was twice as high as in "good" rep- 
durtive years (1999, 2000). The difference in the 
apparent influence of individual prey species is 
likely a result of encounter rates with goshawks. 
Goshawks are opportunists and will presumably at- 
tempt to capture whatmer prey species arc readily 
available. However, the limited distributions or dif.- 
€erent activity patterns of some prey species d e  
creases the probability that diurnal goshawks will 
encounter them while foraging. Jackrabbits art less 
common in upper elevation foresa, and although 
cottontails are widely distributed across the satdy 
area, they are crepuscufar (Hoffmeistcr 1986). In 
contrast, red squirrels are among the heaviest of 
the diurnal prey species, with a wide distribution 
across the study area (Sdafsky 2004). Red squirrelr 
do not hibernate, which likely increases their im- 
portance to goshawks, particularly prior to =lay 
ing. However, the importance of other prey SpcOlEs 
may vary with the spatial distribution of goshawk 
territories relative the spatial distribution ofprey 
habitats. For example, goshawks with territories lo- 
cated primarily within lower elevation forests may 
rely more heavily upon jackrabbi& 
In our study, goshawk productivity on the KaiM 

Plateau was more closely associated with variatiQn 
in mammal density than in avian density. Goshnwztr 
may consume more mammals than birds in some 
areas due to the availability and sirc3 of I d  picy 
species (Zachd 1985, Widin 1W7, Dqk and 
Smith 1994). Similar to OUT study, Bod and Man- 
nan (1994) and Reynolds et d. (1994) found that 
goshawks on the Kaibab Plateau consumed a hi&- 
er proportion of mammalian prey. Other goshawk 
studies conducted in northern latitucks identified 
P strong link between goshawk reproductire mtea 
and cyclical variation in hare abundvrce (Me 
Gowan 1975, Doyle and Smith 2001). Be~lupt an- 
nud  variations in predator reproductive ram are 
greatest among species with limited diets that arc 
dominated by cyclic prey (Newton 1979),goshawka 
on the Kaibab Plateau may be subjcct t~ more 
marked variations in productivity dut to their rt- 
liance on prey species with fluctuating densities. 

Goshawks have the ability to switch to alteeraa~e 
prey when the densities M csJcntlal prey sped- 
arc reduced (Doyle and Smith 1994). Honmr, if 
different prey species populations decline simul- 
taneously, then the opportunitie for.goshawks to 
switch to alternative ppcy specks are limit& The 
densities of goldcn-mantled ground squirmls, &li- 
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bab squirrels, Northern flickers, and red squirrels 
declined significantly between 2000 and 2001. Fur- 
ther, these species contributed >39% of all prey 
items to goshawk diets. Parallel fluctuations in an- 
nual densities of important prey species may result 
in potentially "poor" and "good" yews of prey re 
sources. Thus, it may be that the collective density 
of the entire prey community influences the mag- 
nitude of variation in goshawk productivity on the 
Kaibab Plateau. 

In summary, our results indicate that prey den- 
sity is an important limiting factor of goshawk pro- 
ductivity. Although the temporal correlations be 
tween goshawk productivity and prey resources 
were consistent over time, other factors may have 
varied with prey density and limited goshawk re 
production in our study. Synchronous declines in 
prey species densities suggests that landscape-levd 
factors acting at broad spatial scales, such as cli- 
mate, may interact with prey abundance to limit 
goshawk productivity. Because unfavorable weather 
conditions may have a greater effect on goshawk 
productivity when prey resources arc already low, 

' 

it is important to study the relationship betweea 
goshawk productivity and prey @ undan&ver 

periods and variable environmental con- 0 
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